The global increase of toxin-producing cyanobacteria poses a serious risk to humans. Many investigations have shown that the cyanotoxin microcystin-LR induces hepatotoxicity in rodents. However, many of these studies applied the toxin intraperitoneally or used high oral concentrations, leading to an unrealistically high bioavailability of the toxin. Such approaches have put into question how these results translate to human exposure scenarios. Epidemiology studies have linked microcystin-LR with hepatotoxicity and liver cancer in humans, though by design these investigations cannot provide direct evidence. The present work investigated the effect of microcystin-LR exposure on pigs closely mimicking real-life human conditions. In two animal experiments, pigs were administered microcystin-LR daily by oral gavage for 35 days. Metabolomic and lipidomic tools were used to analyse blood and liver samples. In addition, blood biochemistry parameters indicative of liver function and health were studied to further investigate the potential hepatotoxic effects of microcystin-LR. Results indicated that the metabolomic and lipidomic analyses did not show a gross treatment effect in blood and liver. Furthermore, no significant alterations were found in the tested blood biochemistry parameters. No evidence of hepatotoxicity was found. These results shed more light onto the effects (or lack of effects) of low-dose oral microcystin-LR exposure. The data suggests that the risk of oral microcystin-LR exposure may be overestimated.
Introduction
The global increase of toxin-producing cyanobacteria in freshwater systems is a growing concern. Also known as blue-green algae, cyanobacteria are photosynthetic prokaryotes present in lakes, ponds and rivers across the world (van Apeldoorn et al. 2007 ). Some genera produce secondary metabolites known as cyanotoxins that are harmful to the environment and human health. The most widely studied cyanotoxins belong to the microcystin class, of which microcystin-LR (MC-LR) is believed to be the most toxic variant. It binds to the catalytic centre of serine/threonine protein phosphatases 1 and 2A (Runnegar et al. 1995) , thereby inhibiting protein phosphatase activity (Hastie et al. 2005; MacKintosh et al. 1990 ) and perturbing the phosphorylation/ dephosphorylation balance in cells. This affects the various cellular functions PP1 and PP2A which are involved in Gehringer (2004) . Mechanisms affected by MC-LR exposure include apoptosis and cytoskeletal organization (Zhou et al. 2015) . MC-LR has also been found to cause oxidative stress by inducing the formation of reactive oxygen species, leading to genotoxicity (Zegura 2016) . Two-stage carcinogenesis experiments also have shown that MC-LR can act as a tumour promoter in vivo (Nishiwaki-Matsushima et al. 1992; Ohta et al. 1994; Sekijima et al. 1999; Zegura 2016) , and the International Agency for Research on Cancer (IARC) has classified MC-LR as a group 2B carcinogen, i.e. MC-LR is possibly carcinogenic to humans (IARC Working Group on the Evaluation of Carcinogenic Risks to Humans 2010). Furthermore, multiple animal toxicology studies in mammals described dose-dependent hepatic injury and altered changes in liver function enzyme levels after oral MC-LR exposure (Fawell et al. 1999; Heinze 1999; Sedan et al. 2015) , though toxic effects were not always found . In a study performed by Fawell and colleagues, mice were treated with MC-LR by oral gavage for 13 weeks daily using various concentrations (Fawell et al. 1999) . The no-observed-adverse-effect level (NOAEL) was 40 µg/ kg bodyweight. Based on this NOAEL, the World Health Organization (WHO) applied an uncertainty factor of 1000 to the NOAEL (100 for intra-and interspecies variation, 10 for limitations in the database) and set the tolerable daily intake (TDI) at 0.04 µg/kg bodyweight per day (Chorus and Bartram 1999) .
However, several epidemiology studies have reported signs of hepatotoxicity in populations exposed to MC-LR amounts similar to the TDI. Chen and colleagues showed a positive correlation between microcystin serum concentrations in local fishermen from Lake Chaohu and several liver function enzymes (Chen et al. 2009 ). The authors estimated that the fishermen were exposed to MC-LR equivalent concentrations similar to the MC-LR TDI. Furthermore, Li et al. discovered that children who consumed drinking water sourced from microcystin-contaminated lakes had significantly higher levels of liver function enzymes than the control population (Li et al. 2011 ). Exposure to microcystins has also been linked to an increased incidence of primary liver cancer (Ueno et al. 1996) and colorectal cancer (Lun et al. 2002) .
In toxicology, advancements in -omics studies have allowed the identification and quantification of biomarkers in response to xenobiotics. A large number of studies has looked at the effect of MC-LR on the rodent proteome (Chen et al. 2005; He et al. 2017; Li et al. 2012a, b; Li et al. 2012a, b; Zhao et al. 2012 Zhao et al. , 2015 Zhao et al. , 2016 , transcriptome (Bulera 2001; Chen et al. 2005; Clark et al. 2007; Zhang et al. 2016 ) and metabolome (Cantor et al. 2013; He et al. 2012 He et al. , 2017 Zhang et al. 2016) , in which each study reported changes in the treated group as opposed to the control group. However, the lowest concentration used in studies investigating MC-LR toxicity in rodents by oral administration was 40 µg/kg bodyweight (He et al. 2012 (He et al. , 2017 Zhang et al. 2016) , which is a thousand times higher than the TDI. Furthermore, many -omics studies applied the toxin by intraperitoneal injection (IP), which is an unrealistic route of exposure in humans. While the results from these studies are relevant for a better understanding of MC-LR's modes of action, the toxin administration methods used call into question whether the results are meaningful for reliable human risk assessments.
In order to assess the risk of MC-LR exposure in humans, it is necessary to use realistic exposure conditions (i.e. low toxin concentrations dosed by oral administration) and organisms that are as similar to humans as realistically feasible. Here, we present the results of two independent -omics investigations in pigs that were treated with 2.0 (50 × TDI) and 8.0 (200 × TDI) MC-LR µg/kg bodyweight by oral gavage (referred to as animal experiment #1 and #2, respectively). The pig was chosen as the translational model because it is anatomically and physiologically similar to humans (Bassols et al. 2014 ). Blood samples from animal experiment #2 underwent metabolomic analysis, whereas liver samples from both animal experiments were analysed at the metabolome level. Furthermore, the lipidome of liver samples from animal experiment #2 was investigated as well. Ultra-performance liquid chromatography coupled with high-resolution mass spectrometry (UPLC-HRMS) was used to interrogate the metabolomes and lipidomes. Parallel to the -omics work, blood biochemistry parameters indicative of liver function and health were studied to further investigate the hepatoxic effects of MC-LR. The findings presented here shed more light onto the effects (or lack of effects) of orally dosed MC-LR using concentrations relevant to real-life human exposure conditions.
Materials and Methods
All solvents (LC-MS grade or similar) were purchased from Sigma-Aldrich. Water was supplied from an in-house 18 MΏ Millipore water system (Millipore). Lasalocid A sodium salt solution stock solution (100 µg mL −1 in acetonitrile, analytical standard) was purchased from Sigma-Aldrich (Catalogue Number 33339, Batch Number BCBV9111). Purified MC-LR was purchased from Enzo Life Sciences Ltd.
Animal Experiment #1
The animal experiment was performed as described by Greer et al. (2018) . Twelve pigs participated in the study (Duroc breed). Each individual animal was housed in a separate pen that met the requirements of EC/2010/63 Directive regarding animal welfare. The pens were made of chain link and contained sawdust and wood shavings on the floor. This enabled the animals to root and prevented slipping. The pigs had access to chains that they could play with. The animals were placed in sight of each other.
The diet was based on breeder's recommendations. The animals were fed the same quantity of food each day. The amount was determined by the weight of the control group, and the food intake was recorded daily. The animals had free access to water, which was provided by an automated watering system.
The animals were acclimatized for two weeks, after which six pigs were randomly selected for the control group. The remaining six pigs were assigned to the treatment group. A veterinarian examined the pigs before weighing them. The weight and identification of each animal was recorded. For 35 days, each animal from the treatment group was dosed with MC-LR by oral gavage (2.0 µg/kg bodyweight, or 50 × TDI). A 1 mg/mL solution of MC-LR was prepared by the addition of 250 μL ethanol followed by 750 μL water. The weight of each animal was subsequently used to prepare the appropriate dilutions. The dose was administered in 5 mL water.
At the end of the experiment, all animals were euthanized by intravenous barbiturate and the pigs exsanguinated by jugular severance. Liver samples were collected and stored at − 80 ºC.
Complications arose during the animal study. One animal from the control group and one pig from the treated group became ill and were treated with appropriate drugs. Because these animals received additional treatments, they were excluded from the -omics analyses.
Animal Experiment #2
This study was performed as described for animal experiment #1 using sixteen male pigs (a cross of Large White and Landrace breeds, PIC 337 breed), eight control and eight treated pigs. Housing, diet and treatment were as described previously with modifications.
At the beginning of the study, control pig #6 developed a hernia and was put down as directed by the veterinarian. A substitute control pig was introduced before treatment commenced.
Over the study period, each animal from the treatment group received a daily dose of 8 µg toxin/kg body weight MC-LR by oral gavage, 200 times the provisional TDI set by the WHO. MC-LR dosing was prepared as described above. Blood was collected weekly using a Vacutainer system. Care was taken to process the samples as quickly as possible, after which they were stored at − 80 ºC. The last blood collection was carried out on day 35. At the end of the experiment, the animals were euthanized and liver samples were collected as outlined for animal experiment #1.
Blood Metabolomics: Metabolite Extraction
The plasma extraction protocol was based on previously published methods (Arias et al. 2016; Graham et al. 2013) with minor modifications. In order to extract metabolites from the plasma samples (animal experiment #2), 400 µL of ice-cold methanol was added to 100 µL of blood sample in random order. After rigorous vortexing for 10 min, the samples were left to chill on ice for 10 min, followed by centrifugation at 15,000g for 10 min at 4 ºC. The supernatant was collected and evaporated to dryness at 30 ºC using a centrifugal vacuum concentrator (miVac Quatro Concentrator, Mason Technology, Dublin, Ireland).
Liver Metabolomics: Metabolite Extraction
As with the plasma samples, the extraction protocol was adapted from previously published methods (Arias et al. 2016; Graham et al. 2013) . The liver samples from animal experiment #1 and #2 were lyophilized using a Christ freeze drier (Osterode, Germany). Dried tissue samples from pig experiment #1 were milled under liquid nitrogen using a mortar and pestle, whereas the liver samples from pig experiment #2 were homogenized under liquid nitrogen using a 6850 Freezer/Mill (SPEX SamplePrep LLC, US) (Meneely et al. 2016) . The resulting powdered samples were stored at − 80 ºC until further analysis.
Metabolites were extracted from the liver samples by adding 0.5 mL ice-cold methanol:water (4:1) to 25 mg of liver tissue from animal experiment #1 in random order, whereas for animal experiment #2 1.0 mL of ice-cold methanol:water (4:1) was added to 50 mg of liver tissue in random order. After vortexing, samples were sonicated in an ice-water bath for 15 min (Ultrasonic cleaner USC 600 TH, VWR International, UK) (Arias et al. 2016) . This was to preserve the integrity of the metabolites, to increase protein precipitation and to minimize solvent evaporation during ultrasound agitation that led to an increase of water bath temperature. This was followed by centrifugation at 16,000g for 20 min. at 4 ºC, after which the metabolite-containing supernatant was collected and evaporated to dryness in a centrifugal vacuum concentrator at 30 °C (miVac Quatro Concentrator, Mason Technology, Dublin, Ireland). Extracts were kept at − 80 °C until UPLC-HRMS analysis.
Liver Lipidomics: Lipid Extraction
The lipid extraction protocol was based on a previously published protocol (Chen et al. 2013) , with modifications. Briefly, lipids were extracted from liver samples (animal experiment #2 only) by adding 1 mL ice-cold methyl-tertbutylether:methanol (3:1) to 50 mg of lyophilized liver tissue in random order. The samples were vortexed rigorously for 20 s, followed by 5 min. of sonication in an ice-water bath, after which they were shaken at room temperature for 1 h. To induce phase separation, 450 µL of water was added. The samples were then vortexed briefly and incubated at − 20 ºC for 10 min, followed by centrifugation at 14,000g for 15 min at 4 ºC. The lipid-containing upper phase was collected and evaporated to dryness in a centrifugal vacuum concentrator at 30 °C (miVac Quatro Concentrator, Mason Technology, Dublin, Ireland). Extracts were kept at − 80 °C until UPLC-HRMS analysis.
UPLC-HRMS Analysis
The metabolomics samples were reconstituted in water and filtered by centrifugation using 0.22 µm Constar Spin-X centrifuge tube filters (Corning Incorporated). The lipidomics samples (liver, animal experiment #2 only) were reconstituted in methanol and filtered using Whatman Mini-UniPrep G2 filters (GE Healthcare). For each UPLC-HRMS analysis, a pooled sample was prepared by combining equal volumes of each sample. Tables 1 and 2 list the details of each UPLC-QToF and UPLC-Orbitrap analysis per sample type and animal experiment, respectively.
The column was equilibrated for each UPLC-HRMS analysis by injecting at least ten pooled samples at the start. For quality control, pooled samples were injected at intervals of every five samples throughout the entire experiment to determine the chromatographic reproducibility and peak intensities. Each sample was injected three times at random in order to confirm technical reproducibility (Graham et al. 2013 ).
Data Processing and Multivariate Statistical Analysis
All raw data were processed using Progenesis QI software (version 2.3, Waters, UK). The software selected the most suitable injection of the pool sample as alignment reference. Peaks were then automatically aligned and manually reviewed, and ion intensities were normalized against all compounds. Each run was filtered by performing noise reduction (in the form of a data import filter) and by filtering at the peak picking stage. The filter settings applied for each UPLC-HRMS analysis are outlined in Tables 1 and  2 . The normalized data from all three replicate and pool injections were exported from Progenesis QI and imported into Simca 15.0 (Umetrics, Umea, Sweden) to assess the stability of the UPLC-HRMS instrument. PCA was applied to the data to verify that the pooled samples clustered at the centre of the scores plot, giving a good indication of data stability and reproducibility (Graham et al. 2013 ). The grouping of technical replicates was verified as well. For further analysis, the raw data of one set were re-processed in Progenesis QI using the settings listed in Tables 1 and 2 for each UPLC-HRMS analysis. Peak picking was disabled for the pooled samples. The data were then exported to Simca for multivariate analysis using unsupervised PCA and supervised OPLS-DA models. These models generate an R2 (an estimation of the model's fit) and Q2 value (an estimation of the model's predictive capabilities), which are automatically calculated by cross-validation in Simca. The R2 and Q2 cum values were used to determine the validity of the model. Within the Simca software environment, significance of each OPLS-DA model was tested using CV-ANOVA.
Univariate Statistical Analysis
Within the Progenesis QI software environment, a one-way analysis of variance (ANOVA) test was carried out to assess significant increases or decreases of ion abundancies when comparing the control and treated groups. An FDR adjusted p-value (or q-value) of 0.01 was chosen to minimize the likelihood of finding false positives, as well as an absolute fold-change cut-off of 2. Each peak was manually reviewed in the raw data to ascertain it was genuine. Where available, MS2 spectra were queried to the mzCloud database (https :// www.mzclo ud.org/) to obtain putative identifications.
Identification of Lasalocid A by UPLC-MS/MS Analysis
Lasalocid A was extracted from the liver samples from animal experiment #2 using the lipid extraction strategy as outlined previously.
Analysis of lasalocid A was performed using an ACQUITY UPLC i-Class FTN system coupled to a Xevo Triple-Quadrupole-MS/MS (Waters, Manchester, UK). The system was operated in both ESI+ and ESI− modes with a capillary voltage of 1.5 kV for both. Source and desolvation temperatures were 150 and 400 °C, respectively, with the desolvation gas flow set at 700 L/h. Detection was achieved using targeted analysis via multiple reaction monitoring (MRM) involving fragmentation of specific precursor ions (parent) using argon as the collision gas, to at least two product ions (daughters), with the cone voltage and collision energies optimized manually, indicated in Table S1 .
Separation was achieved using an ACQUITY UPLC BEH C18 column, 50 mm × 2.1 mm i.d., 1.8 µm particle size, 130 Å pore size, (Waters, UK) maintained at 40 °C. The mobile phases consisted of water and methanol both containing 0.1% formic acid (v/v). The flow rate was set at 0.4 mL/min with the methanol held at 15% for 0.5 min, followed by an increase to 40% over 2.5 min. The methanol content was increased further to 95% over the next 1.5 min, maintained for 2.5 min before returning to 15% for a 1 min re-equilibration before the next injection. The injection volume was set at 2.5 µL.
Blood Biochemistry Parameters
For animal experiment #2, levels of AST, ALP, ALT, GGT, LDH, albumin and total protein were measured in plasma samples from day 35. This was carried out by the Centre for Public Health at Queen's University Belfast (UK) using an RX Daytona + clinical chemistry analyzer (Randox Laboratories, UK). A two-tailed, two-sample, equal-variance Student's t-test was carried out to search for significant concentration differences between the control and treated animals.
Results

Blood Metabolomics: Multivariate Statistical Analysis
The plasma samples from animal experiment #2 were investigated at the metabolome level using a UPLC-Quadrupole Time of Flight mass spectrometer (QToF). Table 1 lists the experimental details. Multivariate models were constructed to analyse differences between the control and treated groups. No effects were witnessed (Fig. 1) . Visually, the unsupervised principal component analysis (PCA) model indicated that the within-group variance was larger than the between-group variance (Fig. 1a) , since no distinct grouping was witnessed. The associated Q2 cumulative (cum) values were low, indicating weak model predictability. In addition, a supervised orthogonal projection to latent structures discriminant analysis (OPLS-DA) model was built to assess the data in more detail (Fig. 1b) . Significance of the OPLS-DA model was tested using an ANOVA of the cross-validated residuals (CV-ANOVA). Indeed, while the model visually showed separation and a higher Q2 value, the results of the CV-ANOVA test indicated that the model was not statistically significant (Fig. 1c ). The results from earlier treatment days were similar to those obtained for day 35 and can be found in the supplementary data file (Figs. S1-S3). At the start of animal experiment #2, one pig from the control group developed a hernia and therefore its blood sample was excluded from the metabolomic analysis of the pre-bleed sample (Fig. S1 ).
Liver Metabolomics: Multivariate Statistical Analysis
The metabolome of the liver samples from animal experiment #1 and #2 were analysed using a UPLC-QToF (Table 1) . One sample from animal experiment #1 (control group) was excluded due to limited sample availability. Similar to the results found for the blood metabolome, multivariate analysis of the liver metabolomes yielded PCA models with larger within-group variance than between-group variance, as indicated by the fact that the data points did not form distinct groups (Fig. 2a, b ). While for animal experiment #1 the associated Q2(cum) value indicated a degree of model predictability (Q2(cum) = 0.337), an OPLS-DA model showed poor model predictability (Q2(cum) = -0.394, Fig. 2c ). The OPLS-DA model for the animal experiment #2 data also indicated weak model predictability (Fig. 2d ). Subsequent CV-ANOVAs of the OPLS-DA models indicated no statistical significance in both datasets ( Fig. 2e, f) . The metabolomes of the liver samples from animal experiment #2 were also analysed using a UPLC-Orbitrap in both ESI+ and ESI− modes (Table 2) . In both datasets, the withingroup variance was larger than the between-group variance on the PCA plots ( Fig. 3a, b) . Furthermore, the OPLS-DA models and CV-ANOVAs indicated that the models had poor predictive capabilities and were statistically non-significant ( Fig. 3c-f ).
Liver Lipidomics: Multivariate Statistical Analysis
The liver samples from animal experiment #2 were analysed at the lipidome level using a UPLC-QToF and a UPLC-Orbitrap using both ESI+ and ESI− modes (Tables 1 and 2). The results obtained from the multivariate analyses were similar to those from the liver metabolome. For the QToF data, PCA plots built from both the ESI+ and ESI− datasets visually showed no distinct grouping ( Fig. 4a, b) . Subsequent OPLS-DA models (Fig. 4c,  d) and CV-ANOVAs (Fig. 4e, f) indicated that the models had low predictive capabilities and were statistically nonsignificant. The data derived from the Orbitrap analysis were similar to the QToF data ( Fig. 5a-f ): none of the multivariate models indicated a treatment effect. 
Univariate Statistical Analysis
In addition to the multivariate statistics, univariate statistical analyses were carried out. Within the Progenesis QI software environment (version 2.3, Waters, UK), a one-way ANOVA test with false discovery rate (FDR) correction was performed on each dataset to assess significant increases or decreases of ion abundancies when comparing the control and treated groups (q < 0.01; foldchange > 2). The MS2 spectra of these features were submitted the mzCloud database (https ://www.mzclo ud.org/), but no reliable putative identifications were made for most compounds (level 4 according to the minimum reporting standards for chemical analysis guidelines (Sumner et al. 2007) ). However, one feature was putatively identified as lasalocid A (Table S2 ). The ANOVA details for this feature are listed in Table S3 . Using a lasalocid sodium standard, the identity of lasalocid A was verified by UPLC-Triple-Quadrupole-MS at level 1 according to the minimum reporting standards for chemical analysis guidelines (Sumner et al. 2007) . Samples were screened for the following lasalocid A adducts: M + H, M − H and M + Na + (Table S1 ). While M + H was not detected in any of the tested samples, the presence of M − H and M + Na + were verified in the treated samples (Fig. S4a , treated animal #5, M + Na + shown). In line with the lipidomics results, the tested control samples only contained trace amounts of lasalocid A (Fig. S4b , control animal #5, M + Na + shown).
Blood Biochemistry Parameters
For animal experiment #2, levels of aspartate aminotransferase (AST), alkaline phosphatase (ALP), alanine transaminase (ALT), gamma-glutamyl transferase (GGT), lactate dehydrogenase (LDH), total protein and albumin were measured for the day 35 (last treatment day) plasma samples (Table 3) . A two-tailed, two-sample, equal-variance Student's t-test did not detect a significant difference between the control and treated groups for any of the measured parameters (p < 0.05, see Table S4 ).
Discussion
This study mimicked real-life human MC-LR exposure conditions by treating pigs orally with low toxin concentrations. The pig was chosen as the animal model because of its anatomical and physiological similarity to humans (Bassols et al. 2014) . Based on the -omics analyses presented here, there is no evidence that the MC-LR concentrations administered orally have a toxic effect on the blood metabolome, and neither on the liver metabolome and lipidome.
Multivariate Statistical Analysis of All -Omics Data
Blood samples from animal experiment #2 (200 × TDI), as well as liver samples from animal experiment #1 (50 × TDI) and #2 were analysed at the metabolome level. Liver samples from animal experiment #2 also underwent lipidomic analysis. In order to analyse the vast amount of ion abundancy data generated by such experiments, multivariate statistics are often used. Generally, an unsupervised PCA model is considered the first "checkpoint" a dataset must pass in order to continue downstream analysis (Worley and Powers 2016) . If distinct clustering of groups is witnessed on a PCA plot, this suggests a treatment effect. On the other hand, scrambled data points and no grouping are indicative of there not being a (significant) experimental effect. None of the PCA models generated in this study showed any distinct grouping of the control and treated groups. The associated Q2(cum) values of most of the models were low, indicating weak predictive capabilities. Even though the PCA models showed that there was no treatment effect, supervised OPLS-DA models were built to further study the data. OPLS-DA plots have been shown previously to cluster data points into groups using random data (Kjeldahl and Bro 2010; Worley and Powers 2013) , and visually they are not reliable to infer conclusions on biological effects from. As expected, all models illustrated clustering of the control and treatment groups, but again in most cases the Q2(cum) values were close to 0 or even negative. CV-ANOVA tests were performed to check whether the OPLS-DA models were statistically significant, but this was not the case for any model, and in nearly all cases the p-value was (close to) 1. Together, the results from the multivariate statistics generated by both the PCA and OPLS-DA models show that relatively low doses of oral MC-LR exposure have no (significant) effect on the gross blood and liver metabolome of pigs, and neither on the liver lipidome.
These results contradict the current literature, where MC-LR has been reported to cause an effect in the blood metabolome (He et al. 2017; Zhang et al. 2016 ). Zhang and colleagues treated mice with MC-LR by oral gavage for 28 days, using concentrations of 40 and 200 µg/kg bodyweight, i.e. 1000× and 5000× TDI, respectively (Zhang et al. 2016) . They built PLS-DA models using the obtained spectra and found separation between control and treated mice, identifying several serum metabolites whose abundancies were altered (Zhang et al. 2016) . In another study, He et al. treated mice using the same concentrations as Zhang and colleagues, but applied the toxin every 2 days for 90 days by oral gavage (He et al. 2017) . The OPLS-DA plots presented in their work show separation between control and treated groups, as well as Q2(cum) values of 0.557 and higher (He et al. 2017) . Indeed, both studies found a treatment effect, contrary to the results presented here.
Experiments on rodents have also been used to analyse the effect of MC-LR toxicity on the liver metabolome (He et al. 2012 (He et al. , 2017 . Similar to the blood metabolomics studies cited previously, the reports describe very high toxin doses. Indeed, the lowest oral dose administered was 40 µg/kg bodyweight (He et al. 2012 (He et al. , 2017 . This equates to being a thousand times higher than the TDI set by the WHO. While these studies are useful for gaining further insights into MC-LR's mode of action, they are arguably less suitable for reliable human risk assessment.
Because the present investigation aimed to mimic human exposure conditions as closely as possible, meaning low MC-LR concentrations were administered orally, the bioavailability of the toxin may have been too low to exert a significant effect on any of the investigated -omes. However, there is another possible explanation for the discrepancy between the literature and this study. Up until now, all -omics investigations used rodents as the mammalian model to analyse MC-LR toxicity, whereas this study describes the effect of MC-LR on pigs. Rodents and pigs are very different from each other, with pigs being anatomically and physiologically much more similar to humans (Bassols et al. 2014) . The MC-LR uptake mechanisms and subsequent toxic effects may be different for rodents than they are for mammals more closely resembling humans. In fact, a study by Fawell and colleagues found that mice were more sensitive to MC-LR than rats (Fawell et al. 1999) , which indicates that even closely related species may have different degrees of vulnerability to the same toxin.
Univariate Statistical Analysis of All -Omics Data
When analysing ion abundancy data from metabolomics and lipidomics experiments, often OPLS-DA plots are generated that allow the construction of S-plots, which reveal the most discriminatory features that define the OPLS-DA model. The OPLS-DA models generated in this study were of insufficient quality and could therefore not be used to find discriminatory ions. Alternatively, within the Progenesis QI software environment (version 2.3, Waters, UK), univariate statistical analysis of each dataset was performed. Because each dataset contained at least a thousand features, a p-value cut-off did not seem suitable. For example, if a dataset contained 4000 features and a p-value of 0.01 was chosen, then theoretically 1% of 4000 features (40) would have been false positives. Therefore, an FDR adjusted p-value (also known as q-value) of 0.01 was chosen to decrease the likelihood of finding false positives, as well as an absolute fold-change cut-off of 2.
One of the features that showed significant abundancy changes was identified as lasalocid A, which is a coccidiostat commonly used as antibiotic in poultry feed. To our knowledge, it is not used for porcine feed, meaning lasalocid A may have ended up in the pig feed used in this experiment through cross contamination with a feed used for a different animal species. Nevertheless, the result is interesting because it begs the question why the treated animals were not able to clear lasalocid A, at least to the same extent, from their livers, as opposed to the control animals where lasalocid A was present in only trace amounts. Lasalocid A has been shown to perturb sodium fluorescein intake by inhibiting organic anion transporters (OATP) 1B1 and 1B3 in Chinese hamster ovary cells transfected with OATP1B1 and OATP1B3 (De Bruyn et al. 2013) . These transporters are involved in the transport of bile salts (Hagenbuch and Meier 2003) , but they are also responsible for MC-LR uptake into hepatocytes (Fischer et al. 2005; Komatsu et al. 2007) . Perhaps an interaction between MC-LR and lasalocid A may have led to the bioaccumulation of lasalocid A in liver.
Blood Biochemistry Parameters
This investigation measured the levels of blood biochemistry parameters that are typically used to assess liver damage (Table 3 ). In line with the -omics data presented in this report, there was no significant concentration difference between the control and treated groups for any of the measured parameters (p > 0.05, Table S4 ). Together with the -omics data, these results suggest that daily oral exposure to 8.0 µg MC-LR/kg bodyweight for 35 days does not adversely affect liver health. These results contradict reports from various toxicology studies that did find significantly altered blood biochemistry parameters after oral exposure to MC-LR (Fawell et al. 1999; Heinze 1999) , however, these investigations applied higher toxin concentrations and used rodents.
How Harmful is MC-LR Exposure?
The pigs used in this study did not show signs of liver damage after oral exposure to low MC-LR concentrations. As discussed previously, the discrepancy between this investigation and the published -omics reports describing MC-LR toxicity may be due to the more realistic toxin concentrations used, as well as the translational model being closer to humans.
A study by Falconer and colleagues analysed the effect of oral administration of Microcystis aeruginosa bloom material in drinking water of growing pigs (Falconer et al. 1994) . Over a period of 44 days, four groups each consisting of 5 pigs received different concentrations of a Microcystis aeruginosa extract collected from Lake Mokoan, Victoria, Australia. Per dosage group, the microcystin concentrations consumed by the pigs were estimated to be 0 (control group), 280, 796 and 1312 µg/kg bodyweight daily. It is important to note that high-performance liquid chromatography separation revealed the presence of seven microcystin congeners, with microcystin-YR being tentatively identified as the major constituent, though the presence of MC-LR was not detected. Biochemical analysis of the plasma samples revealed that liver function parameters ALT, AST, LDH and total protein were altered in the two highest dosage groups, but no changes were found in the lowest dosage group (280 µg/kg bodyweight). Histopathological examination of the livers revealed that when compared to the control group, most pigs of the two highest treatment groups had signs of hepatic injury, compared to only one pig in the lowest treatment group. The lowest-observed-adverseeffect level (LOAEL) was therefore established at 280 µg/ kg bodyweight. While the results are in line with the -omics results presented in the current paper, where no gross effects have been found in blood and liver at a concentration of 8 µg MC-LR/kg bodyweight, it is important to point out that MC-LR was not detected in the bloom extract used by Falconer and colleagues (Falconer et al. 1994) . This makes it difficult to compare their results with the current study.
Importantly, low concentrations of orally dosed MC-LR not inducing toxic effects in mammals is not a completely new finding. In 1999, Ueno and colleagues published a report describing no toxicity was witnessed in mice chronically exposed to low MC-LR amounts (20 µg/L) in their drinking water . Serum biochemistry parameters and histopathology were analysed, but no significant effects were found after 3, 6, 12 and 18 months of daily exposure . More recently, a study published by Labine and colleagues reported that mice exposed to MC-LR in drinking water (1.0 µg/L) for 28 weeks did not reveal signs of hepatotoxicity after examination of liver biochemical parameters and histology (Labine et al. 2017 ). The results from these investigations are in line with the findings of the present study, where no detrimental effects were witnessed in blood biochemistry parameters and investigated -omes after low-dose oral MC-LR exposure.
It is important to note that the MC-LR concentrations described in this report are far below the reported NOAEL of 40 µg/kg bodyweight (Fawell et al. 1999 ). This may be why no effects were witnessed. However, the animal experiment was purposefully designed to mimic real-life human exposure conditions, and the concentrations described in this report are more applicable to real-life human scenarios than the NOAEL. However, the results also reveal that the TDI derived from the NOAEL may be appropriate, since no toxic effects were witnessed at concentrations below the NOAEL.
Various epidemiology studies have been published that report a correlation between elevated liver function enzyme levels and frequent oral exposure to water and products from waterbodies contaminated with MC-LR (Chen et al. 2009; Li et al. 2011) . MC-LR equivalents were detected in the blood of most subjects exposed to contaminated waters and/or foods (Chen et al. 2009; Li et al. 2011) . While these are interesting and indeed worrying findings, they do not provide evidence that MC-LR is the (sole) contributor to the measured changes in liver function enzyme levels. Microcystins alone comprise of more than 100 congeners (Niedermeyer 2014) , and these contaminated waters are most likely home to many different groups of (cyanobacterial) toxins. This means that while the correlation between increased MC-LR exposure and altered liver function enzyme levels exists, the studies do not provide proof that MC-LR is a contributing factor of this correlation. The effects witnessed may be a result of the participants being exposed to a cocktail of (cyanobacterial) toxins.
The results presented in this investigation suggest that MC-LR, by itself and at low concentrations, is not toxic to mammals closely resembling humans in terms of liver function. However, this does not mean that the TDI currently set by the WHO (0.04 µg/kg bodyweight) is inappropriate. The TDI is intended to be protective, and since no adverse effects were found in this study, the TDI appears to fulfil its protecting role well. It should also be pointed out that while these experiments suggest that low MC-LR concentrations are not hepatotoxic, in real life humans are exposed to toxin cocktails. While it is not its official function, the MC-LR TDI may serve as a useful indicator that helps estimate the presence of other microcystin congeners or other mixtures of toxins. Because indeed, if MC-LR is detected in a water body, then it is likely that other microcystin congeners are present as well. Consuming cocktails of microcystin congeners, even at low concentrations, may very well induce toxic effects. To better understand this problem, it would be important to study the effects of low-dose administration of MC-LR equivalents in animals similar to humans. This would better mimic real-life human exposure conditions, because humans are exposed to a cocktail of (cyanobacterial) toxins when consuming water and products derived from contaminated water bodies.
Conclusions
The present study revealed that oral exposure to low concentrations of MC-LR (2.0 µg MC-LR/kg bodyweight for 35 days and 8.0 µg MC-LR/kg bodyweight for 35 days) did not induce signs of hepatotoxicity in pigs. Multivariate analyses of the metabolomes and lipidomes of blood and liver samples did not show significant differences between the control and treated animal groups. In addition, blood biochemistry markers indicative of liver health were not significantly affected in the treated animals when compared to the control group. These results shed more light onto the effect of low-dose MC-LR exposure in the context of real-life human conditions and suggest that the risk of oral microcystin-LR exposure may be overestimated.
